and [Cp 0 Fe(CNXyl) 2 (NCNXyl)] (8), respectively. All compounds were fully characterized, and density functional theory (DFT) computations provide useful insights into their formation and the electronic structures of complexes 3 and 5.
Introduction
Iron nitrides have been extensively investigated because of their potential in synthetic and biological N 2 activation and functionalization.
1 In general they can be prepared by direct N 2 activation using a low-valent iron species; 1h,1l,1n alternatively N-atom transfer reagents such as Li(dbabh) (dbabh ¼ 2,3:5,6-dibenzo-7-azabicyclo[2.2.1]hepta-2,5-diene 2 or-more frequently-inorganic azides have been used.
1g,1i,3 However, N 2 elimination from iron azido precursors usually requires forcing conditions such as reduction or photochemical/thermal activation.
1g,1i,3 Nevertheless, surprisingly facile conversion of 2 Fe] formation and can also stabilize iron in higher (formal) oxidation states. 8 The successful synthesis of the phosphido-bridged complex [Cp 0 Fe(m-P)] 2 by photochemically induced CO elimination from [Cp 0 Fe] 2 (m-P 2 )(m-CO) (Chart 1) also supports this assumption. 9 In this contribution we report on some observations regarding the reactivity and redox chemistry of 
Synthesis of a dimeric m-NCO iron(II) complex (2)
Salt metathesis of 1 with KOCN yields the dimeric iron(II) isocyanate complex [Cp 0 Fe(m-NCO)] 2 (2), which is isolated as green crystals in moderate yield (52%). The paramagnetic complex 2 melts intact at 163 C and shows a molecular ion (662 amu) in the EI-MS spectrum with the correct isotope distribution. The 1 H NMR resonances corresponding to the tBu groups Cp 0 ligand (d ¼ À4.05 (18H) and À7.80 (9H)) are in the same range as those observed for the starting material 1 (d ¼ À7.8 (18H) and À13.5 (9H)). 5 Crystals of 2 suitable for an X-ray diffraction experiment were grown from a concentrated pentane solution at À30
C (see Table S1 in the ESI †) and the molecular structure is shown in Fig. 1 . Complex 2 crystallizes in the monoclinic space group P2 1 /n with crystallographically imposed inversion symmetry. The X-ray data were of sufficient quality to establish exclusive kN-coordination of the ambidentate OCN 10 respectively. The spin state assignment in 2 is further substantiated by solidstate magnetic susceptibility data, which indicate antiferromagnetic coupling between the two Fe(II) (S ¼ 2) centers at low temperature (Fig. 2) . The magnetic trace for both complexes may be simulated using a Heisenberg exchange Hamiltonian 11 and the respective t parameters are provided in the gure caption. The extent of antiferromagnetic coupling varies signicantly between 1 and 2 (J 12 ¼ À6.5 cm À1 and J 12 ¼ À13.6 cm À1 , respectively) which can be rationalized by the difference in the Fe/Fe distances in both complexes of 3.526, 3.002Å, respectively. Furthermore, there are also signicant differences in the respective Fe 2 X 2 -cores. Please note that a buttery structure is adopted for the Fe 2 I 2 -core in 1 with afold angle between the two I1-Fe1-I2 and I1-Fe2-I2 planes of 24.49 , whereas a planar Fe 2 N 2 -core is realized in 2. 5 Another notable feature is a large negative zero-eld splitting parameter D that is required to obtain a suitable simulation of the magnetic trace. Although the model employed is not completely sufficient to describe the low-temperature regime found in complex 1 and no signicant improvement is achieved when a paramagnetic impurity is assumed. We also want to mention that this feature has been observed in several independently prepared samples prepared over the time frame of several years and measured on different magnetometers and using different sample containers (quartz tubes or KEL-F buckets).
While solid-state magnetic susceptibility studies represent a bulk method, the local electronic structure at the individual Fe nucleus may conveniently be probed by 57 Fe Mössbauer spectroscopy. 12 The isomer shi (d iso ) provides information on the s- (18) . Symmetry transformations used to generate equivalent atoms: #1 Àx + 1, Ày + 1, Àz + 1.
electron density at the Fe nucleus, which is modulated by the iron oxidation state, the spin state and the covalency in the iron-ligand bonds. However, in strongly covalent compounds unambiguous assignment of the oxidation and spin state exclusively based on d iso is not necessarily straightforward, but some trends have emerged from extensive studies on various iron (coordination) compounds, and are well understood.
12 In contrast, Mössbauer investigations on Cp-containing iron complexes, which are more covalent than traditional coordination complexes, have remained relatively rare.
13 In zero-eld 57 Fe Mössbauer spectra (at 77 K), complexes 1 and 2 show well-resolved doublets with isomer shis d iso ¼ 1.08 (1) 
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The Fig. 2 Effective magnetic moment m eff vs. T plots for compounds 1 and 2. Fit parameter for 1: C (see Table S1 in the ESI †) and their molecular structures are shown in Fig. 6 Consequently the Fe-Fe distance of 2.5873(5)Å is shorter than
32b The more compact [2Fe-2S] core may manifest itself in the physical properties of 3, e.g., the magnetic exchange interaction between the two Fe(III) atoms (vide infra).
In contrast, the diselenide-bridged compound 4, which displays non-crystallographic twofold symmetry (r.m.s. deviation 0.12Å), features a rather long Fe/Fe distance of 3.721Å. The Fe-Se distances are 2.2513(6)Å and 2.2432 (6) (7), Fe2-S1 2.1435(6), Fe2-S2 2.12393(7), Fe1/Fe2 2.5873(5), S1/S2 2.587, Fe1-S1-Fe2 74.29(2), Fe1-S2-Fe2 74.91(2), S1-Fe1-S2 105.21(3), S1-Fe2-S2 105.37(3). excited state. Based on the underlying Boltzmann distribution the energy gap (2J) between these states can be estimated (Fig. 8) .
The t of the temperature dependence of the 1 H NMR 
37
The effective magnetic moment of 3 increases gradually from 0.95 m B at 5 K to 1.98 m B at 360 K, consistent with strong antiferromagnetic coupling between the Fe(III) atoms. Fig. 9 shows the experimental data and the t to the effective spin HamilitonianĤ ¼ À2J(Ŝ 1Ŝ2 ) + gb(ŜB), where J is the coupling constant and g represents the average electronic g value. Since the effective magnetic moment is still increasing at 360 K, we cannot unambiguously establish the spin state of the individual Fe(III) atoms, i.e. S Fe ¼ 1/2, S Fe ¼ 3/2, and S Fe ¼ 5/2. While we prefer the intermediate spin description (S Fe ¼ 3/2) based on the Cp 0 centFe(ave) 1.833Å, the other possibilities were also evaluated (see ESI † for details). Gratifyingly, the coupling constant J remains almost unaffected by the model employed for the simulation of the experimental data; Fig. 9 shows the results obtained for S Fe ¼ 3/2. Importantly, the J values determined from solution (NMR, J ¼ À327 cm
À1
) and solid-state (magnetic susceptibility, J ¼ À354 cm
) data of 3 are in good agreement with each other. In addition, the antiferromagnetic exchange coupling in 3 is also signicantly stronger than in the biomimetic model
). 25c This increase may be caused by the shorter Fe-Fe and Fe-S bond distances in 3 facilitating direct and super-exchange coupling.
The 57 Fe Mössbauer spectra recorded at 77 K for complexes 3 and 4 are shown in Fig. 10 . In contrast to compounds 1 and 2, the isomer shis in 3 and 4 are signicantly reduced with
respectively. This reduction is consistent with a change in formal oxidation state from Fe(II) to Fe(III). DFT computations further provide deeper insights into the electronic structure of 3 (vide infra).
Preparation of nitrido-bridged iron(IV) complex (5) from NaN 3
Equally interesting is the reaction of 1 with NaN 3 , from which the dinuclear iron nitrido complex [Cp 0 Fe(m-N)] 2 (5) is isolated. that loses the coordinated THF on exposure to dynamic vacuum Fig. 9 cT vs. T plot for 3. Simulation: Solid-state structural information on 5 was provided by X-ray diffraction. Fig. 11 shows the molecular structure of 5, which crystallizes in the tetragonal space group P4 1 2 1 2 (see ESI † for details); and selected bond distances and angles are provided in the gure caption. The planar Fe 2 N 2 -core in 5 has pseudo-D 2h symmetry and features nearly equal Fe1-N1 and Fe1-N2 bond distances of 1.744(2) and 1.734(2)Å, respectively. This is surprising, since the M-N bond distances in neutral M 2 N 2 complexes commonly follow a distinct short-long-short-long pattern.
38 The situation realized in 5 more closely resembles that typically observed in Fe 2 O 2 complexes with their wellknown diamond-core structural motifs.
39 This is the rst example of a d 4 (7), N1/N2 2.667, N1-Fe1-N2 100.14(9), Fe1-N1-Fe1$1 79.59(13), Fe1-N2-Fe$1 80.13 (14) . Symmetry transformations used to generate equivalent atoms: $1 Ày, Àx, Àz + 0.5.
We will present a more detailed analysis of the bonding in 5, especially in comparison to [ (Fig. 12) . The magnetic susceptibility data show that complex 5 behaves as a temperature-independent paramagnet (TIP) (see ESI † for details) indicating the presence of strong antiferromagnetic coupling between the Fe atoms, mediated either by the nitrido bridges (super-exchange) or an Fe-Fe bond (direct exchange). This is also consistent with the negligible temperature dependence of the 1 H NMR chemical shis.
Reactivity studies on [Cp 0 Fe(m-N)] 2 (5)
In a preliminary study, we further investigated the reactivity of 5 towards H 2 , CO, N-heterocyclic carbenes (NHCs) and isonitriles (XylNC, where Xyl ¼ 2,6-Me 2 C 6 H 3 ). nitrido functionalities in 5 are not accessible to bulky substrates.
Computational studies
Computational investigations have become increasingly popular for experimental chemists to rationalize their nd-ings. 48 Nevertheless, it is always imperative to calibrate the computational results to experimental data in order to demonstrate the adequacy of the chosen computational method. At the beginning the structure of complex 1 was computed at the B3PW91 level of theory. Gratifyingly, the optimized structure reproduces the experimental data reasonably well (Table 1) .
For example, the computed and experimental Cp(cent)-Fe(ave) bond distance is in good agreement, while the computed Fe-I bond distances are elongated by 0.04 -0.12Å, which is also reected in a signicant elongation of the computed Fe1 Fe2 (3.83Å, exp. were computed (see ESI † for details). For 2 the computed geometry also compares well with the experimentally determined geometry. In addition, for the cyanato-and isothiocyanato-bridged dimers, the ambiphilic binding modes of these pseudohalides (O vs. N and S vs. N coordination) were also explored and in both cases, the coordination via the Natom is energetically more favourable (see ESI † for details). While this is indeed consistent with the experiment for compound 2, our computations predict a more complicated situation for the formation of 3, in which m-k 2 -S,N and m-k-N coordinated intermediates are suggested to be in equilibrium with each other and may therefore be involved in the formal elimination of CNc radicals (see ESI † for details). However, this will require more detailed experimental and computational studies, which are currently ongoing and will be reported in the future. We then turned our attention to the bonding situation in [Cp 0 Fe(m-S)] 2 (3) and [Cp 0 Fe(m-N)] 2 (5). For both molecules a series of different spin states was originally considered using the B3PW91 functional (see ESI † for details). For complex 3 four different spin states were found to be close in energy (i.e., within 0.3 eV) (Fig. 14) . However, the ground state conguration of S tot ¼ 3 (computed at the B3PW91 level of theory) is clearly inconsistent with the experimentally observed TIP and indicates unresolved shortcomings of the DFT description of these open shell systems. Therefore, a more sophisticated approach at a higher level of theory is required (vide supra). A similar situation arises when the bonding situation in the iron nitrido compound [Cp 0 Fe(m-N)] 2 (5) is analysed using DFT methods. The computed molecular structure matches the experimental structure (see ESI † for details), and the potential spin isomers were also evaluated. During these investigations, we found that the quintet and singlet spin states are almost degenerate in energy (their Gibbs free energies (DG 0 ) are equal within 0.07 eV ) from a p lone pair on sulphur to an empty d orbital on iron is found. The NBO analysis of 5 also suggests strongly polarized Fe-N bonds; a rst order analysis reveals four Fe-N single bonds (with 40% Fe-60% N contributions). This strong polarization of the Fe-N bonds is also reected in their small Wiberg bond indexes of 0.23 and 0.31, respectively. At the second order, a small donation from the nitrogen lone pair to Fe (20 kcal mol À1 ) is found, in line with the Lewis structure B illustrated in Chart 3.
To investigate the electronic structure of these compounds in more detail preliminary CASSCF computations were undertaken. For complex 3, six electrons were distributed in 6 orbitals (mainly three 3d orbitals per iron atom that appears as linear combinations between the two iron atoms). Calculations were conducted for the singlet, triplet and quintet spin states. The lowest spin-state is a singlet with a triplet higher in energy (0.14 eV) and a quintet slightly higher (0.28 eV). In the singlet CASSCF wavefunction, two orbitals are doubly occupied whereas two others appear to be singly occupied, yielding an open-shell singlet as ground state. Therefore, in the ground state of 3, the two Fe(III) centres (S Fe ¼ 1/2) couple antiferromagnetically, which is consistent with the experiment observation. Applying a similar approach for complex 5, four electrons were distributed into 6 orbitals and singlet, triplet and quintet spin states were computed at the CASSCF level. Alike complex 3, the lowest spin state is found to be a singlet with a quintet higher in energy (0.12 eV) and nally the triplet (0.54 eV). Analysing the singlet wavefunction deeply, it appears that the 4 electrons are populating four different orbitals, leading to an open-shell singlet with an S Fe ¼ 1 electron conguration per Fe atom (M s ¼ AE1). In other words, two Fe(IV, d 4 ) metal atoms with two unpaired electrons on each iron atom are coupled antiferromagnetically with each other (similarly to situation described for 3). At this more sophisticated level of theory it was indeed possible to obtain computational results that match the experimental ndings.
The polarized nature of the Fe-N bond (Chart 3, Lewis structure B) is also reected in the frontier orbitals of 5, in which the nitrogen lone pairs contribute substantially to the highest molecular orbital (HOMO) (Fig. 15) . Consistent with [Cp 0 Fe(m-CPh)] 2 , 47 a closer inspection of the NBO orbitals conrmed the absence of any (direct) Fe-Fe bonding interactions in complex 5.
As we have demonstrated above, the commonly employed DFT methodology can describe the geometries and the overall structural features reasonably well, but fails when the electronic structure of these compounds need to be considered in more detail. However, CASSCF computations on these large dinuclear complexes to provide insights in reaction pathways is too time consuming and therefore not feasible. We therefore decided to probe if the DFT methodology is actually sufficient to adequately describe the observed reactivity patterns of these compounds focusing on the formation of complex 5 and its reaction towards CO was probed computationally (Fig. 16 and  17) . (Fig. 16 ). The latter undergoes N 2 release yielding the product 5 followed by a change of spin state. This reaction pathway was computed at the B3PW91 level of theory with and without the inclusion of dispersion (D3BJ) and solvent corrections (THF). Dispersion and solvent corrections have only a minor inuence on the structure of the intermediates and transition states involved, but they dramatically reduce the barriers of the overall reaction and also signicantly stabilize the nal product 5 (Fig. 17 which agrees with the experimentally observed facile N 2 elimination at ambient temperature. In a next step, the reaction pathway for the reaction of complex 5 with CO was probed. Consistent with the computed HOMO for complex 5 (Fig. 14) the two CO molecules do not attack directly at the lone pair of the N-atoms; instead they approach 5 perpendicularly to the Fe 2 N 2 plane (Fig. 17) , which is associated with a low barrier of activation (DH ‡ ) of 10.8 kcal mol À1 aer consideration of solvent and dispersion corrections.
In the transition state electron density is transferred from 5 into the p* orbitals of CO (Fig. 17) . Overall, while the precise electronic structure of compounds 3 and 5 are not adequately described to account for their magnetic properties by standard DFT methods, their molecular structures and the formation and reactivity of 5 can be modeled in sufficient detail yielding reasonable reaction barriers which agree with our experimental observations.
Conclusions
In summary, [Cp (5) complexes. These compounds were characterized by various spectroscopic techniques including X-ray diffraction, solid-state magnetic susceptibility studies and zero-eld 57 Fe Mössbauer spectroscopy. Phenomenologically there is a clear correlation between the increasing formal oxidation state in complexes 1 to 5 (ranging from Fe(II) to Fe(IV)) and the decreasing isomer shi observed in their respective Mössbauer spectra. While standard DFT methods reproduce the molecular structures of these complexes reasonably well, their electronic structures require more sophisticated methods to reproduce the data inferred from magnetic susceptibility data of 3 and 5. The iron(IV) nitrido complex 5 shows no reaction towards H 2 (even at elevated pressures), but in the presence of CO it converts to the iron(II) isocyanate complex 6. This represents a rare example of successful CO functionalization of a bridging m-N fragment. In addition, some useful insights into the formation of 5 and its reactivity with CO can be obtained from DFT computations which justify its use to describe the reaction chemistry of these species. Further investigations on the electronic structure of the compounds 3 and 5 using X-ray absorption near edge studies (XANES) and on their intrinsic reactivity towards electrophiles or organic radicals are ongoing and will be reported in due course.
Experimental details

General considerations
All reactions and product manipulations were carried out under an atmosphere of dry, oxygen free argon or dinitrogen using standard high-vacuum, Schlenk, or drybox techniques. Argon or dinitrogen were puried by passage through BASF R3-11 catalyst (Chemalog) and 4Å molecular sieves. Dry, oxygen-free solvents were employed throughout. NMR spectra were recorded on Bruker DRX 500 MHz, a Bruker DRX 400 MHz, or a Bruker 400 MHz AVANCE spectrometer. All chemical shis are reported in d units and referenced to the residual protons of the deuterated solvents, which are internal standards, for proton chemical shis. The elemental analyses were performed by the analytical facilities at the University of California at Berkeley, Robertson Microlit Laboratories of Madison, NJ, or at the TU Braunschweig.
Magnetic susceptibility measurements were conducted in a 7 T Quantum Design MPMS magnetometer utilizing a superconducting quantum interference device (SQUID). The samples (10-25 mg) were transferred into a quartz tube and held in place with quartz wool (ca. 5 mg). The quartz tube was ame sealed and transferred into the magnetometer. This method provided a very small and reliable container correction, typically of ca. À2 Â 10
À5 emu mol À1 . The data were also corrected for the overall diamagnetism of the molecule using Pascal constants. 49 For a more detailed description see ref. 50 . The program package JulX written by Eckhard Bill for exchange coupled systems was used.
Materials
All solvents were deoxygenated and dried by passage over columns of activated alumina.
51 Tetrahydrofuran dried over sodium/benzophenone and freshly distilled prior to use. Deuterated solvents, C 6 D 6 , C 7 D 8 and THF-d 8 were purchased from Cambridge Laboratories, Inc. or Eurisotope, reuxed for 3 days over sodium metal, vacuum transferred to a Teon sealable Schlenk ask containing 4Å molecular sieves, and degassed via three freeze-pump-thaw cycles. (1.0 mmol, 81 mg) and THF (25 mL) were mixed in a Schlenk ask. A green suspension and white precipitate were formed immediately. Aer 15 min the THF solvent was evaporated and the residue was extracted with pentane (20 mL). Aer ltration, the extract was concentrated to ca. 5 mL and cooled to À30 C.
The product crystallized as green plates. Yield: 170 mg (0.26 mmol, 52% Pro soware has been used for the quantitative evaluation of the spectral parameters (least-squares tting to Lorentzian peaks). The minimum experimental line widths were 0.20 mm s À1 . The temperature of the samples was controlled by an MBBC-HE0106 MÖSSBAUER He/N 2 cryostat within an accuracy of AE0.3 K. Isomer shis were determined relative to a-iron at 298 K.
Crystallographic details
X-ray diffraction studies on complex 5 were conducted on a Bruker-AXS SMART APEX-II diffractometer. A suitable crystal was selected and mounted using paratone oil on a MiteGen mylar tip. For all other structures, crystals were mounted on glass bres in inert oil; data were collected on Oxford Diffraction systems using mirror-focused Cu Ka or monochromatized Mo Ka radiation. Structures were rened anisotropically on F 2 using SHELXL-97. Hydrogen atoms were included using rigid methyl groups or a riding model. Special features: For 3, two t-butyl groups were disordered over two positions. Crystal and data collection parameters are presented in Table S1 in the ESI. †
Computational details section
All the quantum-chemical calculations were conducted using the Gaussian 09 program suite. 52 As functional we used the Becke's 3-parameter hybrid, combined with the non-local correlation functional provided by Perdew/Wang, denoted as B3PW91.
53 For Fe and I, the relativistic energy-consistent pseudopotential of the Stuttgart-Köln ECP library was used in combination with its adapted segmented basis. 54 For all other atoms, a standard 6-31G** basis set was used. 55 All stationary points were identied as minima (number of imaginary frequencies Nimag ¼ 0) or transition states (Nimag ¼ 1).
